Tobramycin is an aminoglycoside antibiotic that loses a significant amount of activity in the presence of Zosyn at pH 6. As part of our investigation into ways to improve the compatibility of tobramycin with Zosyn (which contains piperacillin and tazobactam in an 8:1 ratio buffered at pH 6 by sodium citrate) by lowering the pH, we identified the reaction product of tobramycin and piperacillin at pH 6.0 and the order of the pK a values of tobramycin. The structure of the main reaction product of tobramycin and piperacillin at pH 6.0 was determined by 2D NMR to be the product of 3 00 -NH 2 reacting with the b-lactam of piperacillin. The order of the pK a values of the nitrogens of tobramycin was determined by 1 H and 15 N NMR titrations to be 6¢-NH 2 42¢-NH 2 41-NH 2 E3 00 -NH 2 43-NH 2 . At pH 4.0, the reaction between tobramycin and Zosyn was almost negligible for a period of up to 2 h. The pH can be lowered by adding an acid such as HCl or citric acid to Zosyn to make a pH 4.0 buffer. The Journal of Antibiotics (2011) 64, 673-677; doi:10.1038/ja.2011.72; published online 3 August 2011
INTRODUCTION

Tobramycin (
) is an aminoglycoside antibiotic produced by Streptomyces tenebrarius 1 used to treat infections caused by susceptible Gram-negative microorganisms. 2 It is often used in combination with penicillins, such as piperacillin (Figure 2 ), to treat severe infections caused by Gram-negative bacteria. 3 It is well known that tobramycin reacts with b-lactams, including piperacillin, causing a significant loss of aminoglycoside activity. 4 The inactivation mechanism is thought to involve nucleophilic attack and ring opening of the penicillin b-lactam ring by an amino group of the aminoglycoside. 5, 6 The rate of aminoglycoside inactivation is dependent on temperature, time, concentration of the b-lactam and composition of the medium. [7] [8] [9] Another important factor to consider is the pH of the solution. As the degree of protonation of an amino group increases, it should become less nucleophilic. The amino groups of tobramycin have different pK a values, 10, 11 hence, it is logical to assume the reaction would be affected by pH of the solution. Therefore, knowledge of the protonation constants of the amino groups and their order is important in understanding the reactivity of tobramycin with piperacillin at different pHs.
Zosyn is an intravenously administered antibiotic, which contains piperacillin and tazobactam (a b-lactamase inhibitor) in an 8:1 ratio. It also contains EDTA and sodium citrate, which is used to buffer the solution at around pH 6. 12 It has been approved for Y-site coadministration with the aminoglycosides amikacin and gentamicin. 13 It has not been approved for co-administration with tobramycin, which is not as stable as amikacin and gentamicin in the presence of b-lactam antibiotics. 9 As part of our investigation into ways to improve the compatibility of tobramycin with Zosyn by lowering the pH, we identified the main reaction products of tobramycin and piperacillin at pH 6.0 and the order of the pK a values of the tobramycin amino groups. Although some effort has been made to identify the reaction products of aminoglycosides with carbenicillin, 6 the exact product formed when tobramycin is inactivated by piperacillin has not been reported. Here we report the structures of the main reaction products of tobramycin and piperacillin at pH 6.0.
RESULTS AND DISCUSSION
Piperacillin and tobramycin were reacted at pH 6.0 at room temperature (B23 1C) in a 1:1 ratio for 2 days. After analyzing the mixture by HPLC and LC-MS, it was found that only two main reaction products were formed, in a 4:1 ratio. They were isolated by preparative HPLC and their structures ( Figure 3 ) were determined by 2D NMR (see Table 1 for assignments). The ESI mass spectra recorded in positiveion mode showed a molecular ion peak at m/z 985 [M+H] + , indicating a molecular weight of 984 for both reaction products. The molecular formula of both compounds was determined to be C 41 H 66 N 10 O 16 S, based on the HRESIMS spectral data (calcd: 493.2184 for [M+2H] 2+ , found: 493.2187 for 1 and 493.2183 for 2). The major reaction product (1) was found to result from the reaction of the 3 00 -NH 2 amino group with b-lactam, retaining the stereochemistry of the piperacillin moiety. The other product (2) is simply an epimer of the first at the P2 position. Evidence for the formation of an amide between 3 00 -NH 2 and the b-lactam carbonyl linking the piperacillin and tobramycin moieties comes from the HMBC spectra. The HMBC spectra for both 1 and 2 show long range 1 H-13 C correlations from both H3 00 and 3 00 -NH to the P7 carbonyl carbon of the piperacillin moiety. P6H also shows a long-range 1 H-13 C correlation to P7 in the spectra of both compounds, confirming the assignment of this Tobramycin-piperacillin reaction product TG Pagano et al carbonyl ( Figure 4 ). The stereochemistries of the two epimers were determined from the ROESY spectra. In the ROESY spectrum of 2, there is a correlation observed between P2H and P5H, indicating that they are both on the same side of the five-member ring ( Figure 4 ). This correlation is absent in the ROESY spectrum of 1. Further evidence for the stereochemistry of 1 comes from the fact that in the HMBC spectrum P2H shows a strong three-bond 1 H-13 C correlation to P26, but a much weaker one P27, indicating that P2H is anticoplanar with P26 ( Figure 4 ). In the ROESY spectrum, there is a correlation observed between P26H and P5H, indicating that they are both on the same side of the five-member ring, whereas P2H is on the opposite side ( Figure 4 ). Our results differ from a previous study on the reaction of aminoglycosides with carbenicillin. 6 After reacting tobramycin with about a threefold excess of carbenicillin at room temperature for 7 days, the site of reaction was determined by comparing acid hydrolysis products of the starting tobramycin and the reaction product. It was reported that, although the acylation of tobramycin was not specific, most of the reaction occurred at 3-NH 2 with a smaller amount occurring at 6¢-NH 2 or 2¢-NH 2 . However, the structure of the reaction product was not directly elucidated and was inferred based on hydrolysis and 13 C chemical shifts of the carbenicillin derivative at pH 4 compared with the shifts of amikacin and isoamikacin at neutral pH. Also, the exact pH of the reaction mixture used in the study was not stated. It is possible that the pH was higher leading to a different reaction than our study.
As the structures of the major reaction products of tobramycin and piperacillin indicate that N3 00 is the most reactive nitrogen at pH 6.0, we took a closer look at the protonation constants of tobramycin to examine their role in determining the reaction products. The pK a values of tobramycin have been measured by both potentiometric 10 and 15 N NMR 11 titrations, with only one pK a o7, but the order of the protonation constants has not been clearly established. Therefore, we performed NMR titrations using the 1 H and 15 N signals of tobramycin ( Figure 5 ) to unambiguously determine the order of pK a values of tobramycin. The pK a values were determined from the inflection points on the titration curves. The assignments of the 1 H signals at low pH were made by direct comparison with the literature assignments at low pH, 14 and were confirmed from HSQC spectra by comparing the 13 C assignments to the literature assignments made at low pH. HSQC spectra were then used to follow the shifts as the pH changed. A comparison of the assignments at high pH to the literature assignments 14, 15 was used to confirm that for each curve, the same 1 H signal was followed throughout the titration. The 15 N resonances were assigned and their shifts determined from 1 H-15 N HMBC spectra. The values determined by the 1 H NMR and 15 N NMR titrations are in close agreement with each other. Our values agree with those found by the previous 15 N NMR titration 11 (performed in H 2 O), after correcting for the deuterium isotope effect 16 for our titrations performed in D 2 O (Table 2) . However, only tentative assignments were made for N1 and N3 in that study and we found the assignments of N1 and N3 to be interchanged. Therefore, the order of the protonation constants is: 00 -NH 2 are very similar, whereas the pK a for 3-NH 2 is significantly lower and the only one o7.
Based solely on the pK a values of tobramycin, one might expect the most likely product of piperacillin and tobramycin at pH 6.0 to be an amide formed by 3-NH 2 opening the b-lactam ring; this is clearly not the case. Hydrogen bonding of 3 00 -NH 2 to the flanking hydroxyl groups may make it less protonated and more nucleophilic at pH 6.0 than its pK a would suggest. The apparent lower pK a of 3-NH 2 is probably due to the fact that protonation of 3-NH 2 is more difficult after 1-NH 2 is protonated because of electrostatic interactions, and its intrinsic pK a would be significantly higher. 17 This along with other factors, such as steric constraints, affects its reactivity leaving 3 00 -NH 2 as the most reactive amino group at pH 6.0. Once the pH of the solution is considerably below the pK a of 3 00 -NH 2 , the reaction is much slower. After 4 days at room temperature, there is very little reaction of piperacillin and tobramycin detected at pH 4.0.
Using a variation of the NMR method developed for determining the compatibility of gentamicin with Zosyn, 13 we confirmed that tobramycin is not as stable as gentamicin in the presence of Zosyn at pH 6.0 (Table 3) . To test the effect of pH on the stability of tobramycin with Zosyn, a series of experiments were performed using piperacillin, the main component of Zosyn, and tobramycin in concentrations that are higher (120 and 10 mg ml À1 , respectively), but within the same range as the ratios used clinically. At pH 6.0, it was found that 40% of the initial amount of tobramycin was lost in 60 min. As the pH decreases below 5.0 the reaction slows significantly; at pH 4.6 and lower nearly 97% of the tobramycin remained after 60 min. The best stability was observed at pH 4.0. Next, we tested whether tobramycin is stable with Zosyn itself at clinically relevant concentrations. As the data at pH 6 show the worst stability at the high Zosyn (48.72 mg ml À1 )-low tobramycin (0.35 mg ml À1 ) concentrations, we used that combination to test the stability at pH 4.0. There is no significant decrease in tobramycin in the presence of Zosyn at pH 4.0 over 60 min and even at 120 min. This finding was confirmed by LC-MS.
In our studies, we lowered the pH using HCl (DCl) or citric acid. As the use of HCl could be hazardous in a non-laboratory setting, using citric acid makes sense for possible clinical use. The formulation of Zosyn already contains a citrate buffer and adding citric acid would make a lower pH buffer that would keep the pH constant, even with the use of different diluents normally used in a hospital setting. Zosyn contains 4.4% sodium citrate to buffer it at pH 6.0. 12 Using the pK values of citric acid, the amount of citric acid needed to lower the pH to 4.0 was calculated to be 0.048 times the amount of Zosyn added (4.4%Â1.1 for citric acid/citrate ratio). This was verified experimentally and was used in the LC-MS experiment above. Although more work needs to be carried out to validate methods to prove that tobramycin and piperacillin remain stable at pH 4.0 for at least an hour, this work could eventually lead to a means for Y-site coadministration of tobramycin and Zosyn in patients.
EXPERIMENTAL PROCEDURE Materials
Piperacillin and tobramycin were purchased from Sigma (St Louis, MO, USA). Zosyn was obtained from Wyeth (Pearl River, NY, USA). D 2 O and DMSO-d 6 were purchased from Cambridge Isotope Laboratories (Andover, MA, USA). NaOD, DCl and citric acid were purchased from Aldrich (Milwaukee, WI, USA).
General
All NMR spectra were acquired at 25 1C on either a Bruker DRX-400 NMR spectrometer (Bruker, Billerica, MA, USA) equipped with a QNP probe or a Bruker DRX-500 NMR spectrometer equipped with a TXI probe. Samples for the NMR titrations were prepared in D 2 O with sample concentrations of 0.1-0.2 M with acetonitrile added as a reference. The pH meter was calibrated with standard aqueous buffers at pHs 4.0 and 7.0. The apparent pD (pD*) was adjusted using either DCl or NaOD. Actual pD values were determined using the equation, 18 pD¼pD*+0.40, and were used in Figure 5 . The 15 N shifts were determined from 1 H-15 N HMBC spectra acquired on the Bruker DRX-500 NMR spectrometer and were referenced relative to liquid NH 3 . Samples of the reaction products of piperacillin and tobramycin were prepared in DMSO-d 6 and the following spectra were acquired for each sample: proton, 13 
Preparation and isolation of the reaction products of piperacillin and tobramycin
Piperacillin sodium (54 mg) and tobramycin sulfate (47 mg) were dissolved in water (1.5 ml), and allowed to stand for 2 days at room temperature (B23 1C). The reaction mixture was then chromatographed using an Agilent 1100 system (Agilent, Santa Clara, CA, USA) with a semi-preparative reversed-phase column (Varian Inersil 5u ODS-3, 250Â10 mm) equipped with a DYNAMAX fraction collector (Rainin, Oakland, CA, USA) (Model FC-1). The column was washed with a gradient of 10-22% acetonitrile (A) in 0.05% trifluoroacetic acid buffer (B) over 25 min at a flow rate of 4 ml min À1 with UV detection at 210 nm. A total of 10 injections was performed, and peaks corresponding to 2 (20.0 min) and 1 (21.6 min) were repeatedly collected. 
